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Introduction {#sec1}
============

The cancer stem cell theory holds that there is a small sub-population of cells within a tumor that drives tumorigenesis and is capable of repopulating the tumor bulk from one cell ([@bib2], [@bib18], [@bib26], [@bib42]). Although this theory remains controversial ([@bib22], [@bib30]), it has become widely accepted and there are numerous assays for elucidating the stem-like character of cancer cells. One property of breast cancer stem cells is that they can survive detachment from the extracellular matrix ([@bib19], [@bib21]). Detached stem cells also retain the capability of proliferating ([@bib3], [@bib8]). As such, the sphere formation of suspended cells is hypothesized to be a method to assay for the self-renewal potential *in vitro* ([@bib34]). This property, first investigated in neural cells, was further adapted for mammary epithelial cells and termed the mammosphere assay ([@bib7]). In brief, suspended cells are cultured in serum-free media containing growth factors. The fraction that survives to form spheroid colonies (mammospheres) is deemed more stem-like. This is often followed by monitoring the alterations in sphere formation following treatment ([@bib14], [@bib23], [@bib24], [@bib35]). Treatments that lower the sphere-forming efficiency (SFE, \[spheres/cells seeded\]\*100) of a population are hypothesized to have reduced the stem-like sub-population of the cells.

MCF-7 human breast carcinoma cells are widely used in the mammosphere assay ([@bib1], [@bib10], [@bib11], [@bib15], [@bib16], [@bib25], [@bib47]). These luminal-type cells have been observed to make very cohesive, easily defined spheres. However, the problem is SFEs are quite disparate between reports and have ranged from 1% to 20% depending on the conditions ([@bib6], [@bib27], [@bib29]). Many factors could be contributing to these discrepancies, including growth media composition, counting procedures, and variability between different human operators performing the same assay. Of utmost importance, however, is the seeding density ([@bib37]). Due to the mobile nature of cells in suspension, cells drift and collide, leading to an aggregation tendency that is proportional to the cell density ([@bib41]). This is problematic because clonality is an integral concept to the mammosphere assay ([@bib37]). Mammospheres should arise from a single cell to effectively measure stem-like propagation.

Attempts to address aggregation have been reported ([@bib25], [@bib33], [@bib36], [@bib37]). There is no common protocol, however, and seeding densities up to 100,000 cells/mL have been reported. Varying densities can lead to large differences in SFE ([@bib37]) and beg the question of how to interpret results. If a drug treatment lowers the sphere count in an experiment, can that result be interpreted as an effect on SFE or aggregation? To completely remove results confounded by aggregates we visually tracked 1,823 verified single cells over the course of 14 days, monitoring the cell count, sphere size, and morphology.

Results {#sec2}
=======

Initially Plated Single Cells and Two-Cell Clusters Have Significantly Different Sphere-Forming Efficiency {#sec2.1}
----------------------------------------------------------------------------------------------------------

To reduce the effect of aggregation we tracked individual cells to ensure the clonality of resulting spheres. We used MCF-7, a weakly tumorigenic, luminal breast cancer cell line that has the propensity to form well-rounded, easily identifiable spheres ([@bib25]). We initially sought to use fluorescence-activated cell sorting (FACS) to sort single cells into a 96-well plate and to subsequently track and image these sorted cells, but there were numerous technical inaccuracies involved in this procedure. The most quantifiable of these inaccuracies arose during the imaging step. Sphere formation was completely ablated after cells spent over 2 hours a day at room temperature (RT) while imaging an entire 96-well plate ([Figure S1](#mmc1){ref-type="supplementary-material"}). We therefore moved to a dilution-based assay.

It is logistically impossible to achieve exactly 1 cell/well using only dilution. An average of 1 cell/well may be attained, but in practice, each well contains a different number of cells and many wells will have none. To ensure cells in nearly every well, and to investigate if aggregations had a higher chance of forming spheres, we chose a dilution of 2 cells/well. To minimize the time spent out of incubation we plated only 12 wells per 96-well plate. With 8 plates total, this combined to a full 96-wells. This was considered one full experimental replicate. This technique resulted in plates at RT in less than 15 min at a time.

[Figure 1](#fig1){ref-type="fig"}A shows the tracking of a single cell over 14 days in suspension. Each tracked clonal outgrowth was termed a Pre-Sphere (PreSp) until day 5. Surprisingly, MCF-7 cells seeded at this low density undergo little initial movement over time in the smaller wells of a 96-well plate. Nevertheless, there were 22 instances of collision, 21 of which (95%) eventually formed spheres, indicating that aggregations have a higher propensity for sphere formation. Although these aggregates were tracked, they were removed from any subsequent single-cell calculations. In fact, any cell that moved so much as to cast doubt to its identity was removed from data for single-cell quantitative calculations as well (a total of only 6 of 1,127 MCF-7 cells and no T47Ds were "lost").Figure 1Initially Plated Single Cells and Two-Cell Clusters Have Significantly Different Sphere-Forming Efficiency (SFE)(A) A single MCF-7 cell tracked and imaged for 14 days. Scale bars, 20 μm.(B) Single-cell and two-cell cluster SFEs of the MCF-7 cell line. Orange bars indicate the SFEs of 1 and 2 cells at day 7. Blue bars indicate day 14. SFEs are calculated as (total spheres/total cells tracked)\*100. MCF-7 spheres were considered growths over 50 μm. Statistics formulated using Student\'s two-tailed t test (N = 3). p Values displayed over bars.(C) Same as (B) for the T47D cell line. Growths over 35 μm at day 7 and 40 μm at day 14 were counted as spheres.

We also observed that despite rigorous procedures to ensure a single-cell suspension, including passage through a microfilter, two-cell clusters remained at the time of initial seeding ([Figure S2](#mmc1){ref-type="supplementary-material"}). These clusters showed a statistically significant increase in sphere-forming capacity of nearly 20% compared with single cells ([Figure 1](#fig1){ref-type="fig"}B). Surprisingly, for true clonal spheres originating from a single cell, we saw SFEs of 55% and 52% for days 7 and 14, respectively ([Figure 1](#fig1){ref-type="fig"}B).

To increase the robustness of our experiments, an additional cell line was tracked. T47Ds were chosen because of their ability to form spheres over numerous passages. T47Ds showed a higher propensity for movement within wells than MCF7s. In spite of manual manipulation with a pipette to reduce collisions there were 23 instances, 100% of which formed spheres by day 14. Astonishingly, the weighted average SFE of single T47D cells recorded at day 14 was 71% ([Figure 1](#fig1){ref-type="fig"}C). Two-cell clusters also remained in suspensions of T47Ds despite the use of a microfilter and passage through a needle (13 of these were removed from wells due to close proximity to single cells). It was observed that 100% of the remaining two-cell clusters formed spheres at day 14 ([Figure 1](#fig1){ref-type="fig"}C).

High Seeding Densities Are Confounded by Aggregation {#sec2.2}
----------------------------------------------------

SFEs for the MCF-7 line vary greatly from one article to another and are most often reported as less than 5% ([@bib20], [@bib44]). However, our independent calculations on the raw data of [Figure 1](#fig1){ref-type="fig"}B of Morrison et al. show an SFE of ∼20% when cell density is low for MCF-7 cells ([@bib29]). Given the high efficiency we observed with single-cell tracking we sought to validate our results with an orthogonal technique. Our group and others have observed that SFE decreases with increasing seeding density ([@bib37]). We therefore performed a seeding density dilution starting at 40,000 cells/well and ending at 10 cells/well. At higher seeding densities, we also observed the lower efficiencies most often reported ([Figure 2](#fig2){ref-type="fig"}A). However, our single-cell studies were confirmed at lower seeding densities. SFEs increased significantly at densities below 1,000 cells/mL and peaked at 100 cells/mL for MCF-7 cells ([Figure 2](#fig2){ref-type="fig"}A). We observed that higher seeding densities also contained what we considered to be large aggregates ([Figure 2](#fig2){ref-type="fig"}B, red circles). The problem of whether to include these, exclude them, or estimate the number of spheres contained within the aggregate was not trivial. We found that there was a significant difference in the results depending on how these aggregations were tallied. (Statistics not reported due to the highly subjective nature of choosing aggregates. For our figure counts, all obvious aggregations were excluded.) [Figure 2](#fig2){ref-type="fig"}B illustrates the visual differences between seeding densities.Figure 2High Seeding Densities Are Confounded by Aggregation(A and B) (A) A density dilution assay was performed on MCF-7, BT-474, T47D, and MCF10A cells in 24-well low-attach plates. The cell seeding density (cells/mL) is displayed on the x axis, and the SFE is displayed on the y axis. Efficiencies were calculated as (spheres/seeded cells)\*100. Spheres were counted on day 7. Statistics calculated using two-tailed Student\'s t test (N = 3 for T47D, BT-474, and MCF10A. N = 6 for MCF-7). p Values displayed above bars. \*p \< .0001. \*\* Indicates only performed with MCF-7 cells. (B) Representative images of MCF-7and T47D spheres. Red circles indicate examples of obvious aggregations excluded from counts. Scale bar, 500 μm.

SFE also increased significantly with lower dilution in the T47D cell line, although a dilution of 10 cells/mL was required to reach the efficiency seen in single-cell tracking. The cells had a strong tendency to move to the edge of the plate, increasing aggregation. At 10,000 cells/well the problem of aggregation was so severe that accurate counting was impossible. The BT-474 (a HER2+ cell line) and MCF10A (negative control) lines were also tested in this manner. MCF10A reached a peak of 10% SFE at 100 cells/mL, whereas BT-474 reached a maximum efficiency of 30% at 10 cells/mL.

Size Information of Spheres {#sec2.3}
---------------------------

Most information on sphere size (diameter) comes from scale bars in images ([@bib29], [@bib43], [@bib44], [@bib45]). We sought to gain a more robust measurement of clonal sphere sizes at various time points. We chose days 5, 7, and 14 for MCF-7 as these are well represented in the literature ([@bib17], [@bib27], [@bib43]). The median sphere sizes of true, clonal spheres were 61, 70, and 144 μm for days 5, 7, and 14, respectively. The maximum day 5 size was 97 μm, but the mammospheres within the 25^th^--75^th^ quartiles ranged from 50 to 71 μm. The day 7 size was 130 μm with an outlier as high as 152 μm, but the 25^th^--75^th^ quartiles spanned a much narrower range from only 55 to 85 μm ([Figure 3](#fig3){ref-type="fig"}A). Interestingly, day 14 had a wide range of sizes from 50 to 400 μm with an outlier as large as 660 μm.Figure 3Size Information of Spheres(A) Average mammosphere size of MCF-7 and T47D cell lines. Red bar indicates mean size, and blue box indicates the 25^th^--75^th^ quartiles. Whiskers represent the range of sizes, whereas red dots are outliers (for MCF-7: day 5, N = 3; days 7 and 14, N = 6. For T47D: N = 6 for days 7 and 14). Note that the y axis scale is different for T47D than MCF-7.(B) Explanatory figure using size after 7 days compared with size on day 14 (N = 6, MCF7). Solid lines represent a sphere cutoff value of 50 μm. If this value is chosen the lavender box illustrates those individual clonal growths (termed Pre-spheres or PreSP) that were under 50 μm but grew to be spheres and were thus undercounted. The beige box illustrates those that were over 50 μm on day 7 but either died or shrunk by day 14 and were therefore overcounted.(C and D) (C) Data from scatter charts were utilized to calculate the percent of misclassified spheres (\[undercounted + overcounted\]/total spheres). This was calculated for a range of cutoff values and plotted as a graph. Solid line is the weighted average, and the error is ±weighted SD. (D) The cutoff value with the smallest percent of misclassified data was calculated for each day using the graph in (C). For MCF-7 the results were 53 and 55 μm for days 5 and 7, respectively. For T47D the value was 35 μm.

Clonal T47D spheres were much smaller overall. Spheres more than 5 cells big do not generally appear until day 7. We therefore chose to eschew size measurement at day 5. Median size at day 7 was 48 μm with the 25^th^ to 75^th^ quartiles covering a range of 35 to 56 μm. The largest outlier was 110 μm. Median size at day 14 was moderately larger at 66 μm, ranging from 70 to 85 μm in the 25^th^--75^th^ quartiles. The largest outlier was 165 μm.

This information raised the important question: "What is a sphere?" Spheres have been traditionally defined and categorized by size. The minimum size most often employed for MCF-7 cells in the literature is \> 50 μm ([@bib5], [@bib11], [@bib39]), but minimums ranging from 14 to 100 μm have also been reported ([@bib14], [@bib27], [@bib44], [@bib45]). We sought to avoid *ad hoc* definitions and sought to find an empirical basis for categorization. We reasoned that by comparing the sizes of spheres on days 5 and 7 with sizes on day 14, we could formulate the percentage of spheres that were misclassified ([Figure 3](#fig3){ref-type="fig"}B). This would include spheres that were under the minimum size at day 5 or 7 but grew to be spheres on day 14 (undercounted), as well as those that were above the cutoff but later either died or shrunk below the cutoff values (overcounted). By comparing days 5 and 7 with day 14, we constructed a curve showing the percent of misclassified cells for values ranging from 40 to 70 μm ([Figure 3](#fig3){ref-type="fig"}C). Our only caveat was that spheres must grow at least 5 μm between measurements. We determined that MCF-7 sphere sizes of 53 and 55 μm correlated with the least misclassification for days 5 and 7, respectively ([Figure 3](#fig3){ref-type="fig"}D). As the percent of misclassification was very similar, in the range of 50 to 60 μm, we chose to adopt the widely employed value of 50 μm for the remainder of the analysis of MCF-7 cells.

T47D sphere classification required further scrutiny. PreSp as small as 30 μm and containing only 3 cells at day 7 went on to form spheres at day 14. The number of spheres that died or shrunk after day 7 (overcounted) was also negligible. The bulk of classification error arose from undercounting smaller PreSp, which went on to eventually form spheres (overcounting). The minimum size correlated with least misclassification for day 7 was 32 μm. We were attempting to avoid an *ad hoc* definition of how many cells a sphere contained, but a cutoff value of 32 μm is only 2--3 cells. To avoid the possibility that we were including small clusters of cells that had died, we added the caveat that spheres must grow at least 5 μm between measurements. This resulted in a minimum size of 35 μm on day 7 and 40 μm on day 14.

Size was the only parameter utilized for classifying mammospheres of either cell line. Most MCF-7 spheres were well rounded with clearly defined edges, but there were many examples of unique morphologies as well as clonal growths (still termed spheres), which would appear to be aggregations if they had not been tracked from single cells ([Figure S3](#mmc1){ref-type="supplementary-material"}A). This was even more apparent in the T47D cell line. Although many T47D spheres were rounded and spherical, the majority were either dome-like mounds or actual sheets of cells. [Video S1](#mmc2){ref-type="supplementary-material"} shows a 10-μm pipette pulling a very spherical T47D growth back and forth. [Video S2](#mmc3){ref-type="supplementary-material"} shows the manipulation of a slightly curled sheet of cells (both mounds and sheets were confirmed as unattached to the plate). The overall morphologies of clonal T47D growths were even more wide ranging than MCF7s ([Figure S3](#mmc1){ref-type="supplementary-material"}B) and included "spheres" of loosely associated cells that would split apart and rejoin on a daily basis. Puzzlingly, some T47D PreSp have the ability to split apart completely and continue to grow. In most cases the proximity of these secondary PreSp leads to collision with the parent sphere, but in some cases these spheres drift away to divide on their own (10 instances of splitting resulted in re-collision with parent, and 8 times the daughter sphere grew on its own.) Spheres that split away were not used in predictive calculations, but they were rigorously tracked.

Video S1. A Traditionally Spherical T47D Mammosphere Is Manipulated by a 10-μm Pipette, Related to Figure 3

Video S2. Most T47D Mammospheres Are Non-canonical in Shape and Size, Related to Figure 3A clonal, flat sheet of T47D cells curled at the edges is manually manipulated with a 10-μm pipette.

Sphere Formation can be Predicted with 98% Accuracy in 24 Hours {#sec2.4}
---------------------------------------------------------------

The initial impetus for this study was the hypothesis that it should be possible to predict sphere formation from an early time point using only doubling information. We set out to accomplish this by carefully tracking the fates of single cells cultured in suspension. We marked the position of each initial cell and either counted or measured the cells in resultant PreSp over 14 days. We then correlated early cell counts with eventual sphere formation. As expected, larger early PreSp grew to full spheres at a higher rate ([Figure S4](#mmc1){ref-type="supplementary-material"}). Importantly, we found that 24 hr had fewer cell counts to choose from and less ambiguity in cell count ([Figure S5](#mmc1){ref-type="supplementary-material"}A). PreSp of 1, 2, 3, and 4 cells were well defined and unambiguous, whereas higher counts were often estimated or found by focusing up and down through the cells ([Figure S5](#mmc1){ref-type="supplementary-material"}B). As it was also the earliest time point, we chose to use 24 hr for further experimentation. We found that PreSp of size 1, 2, 3, and 4 cells each had a distinct SFE at 24 hr. Although statistical significance between the sphere-forming capacity of each PreSp size was not our goal, we found that there was significant difference between all PreSp sizes sequentially, but sizes of 2 and 4 cells were not significantly different in a direct comparison ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Sphere Formation can be Predicted with 98% Accuracy in 24 HoursFor a Figure360 author presentation of Figure 4, see <https://doi.org/10.1016/j.isci.2018.08.015>.(A and B) Single cells were seeded and tracked. At 24 hr PreSp were counted and categorized by the number of cells in each. Each count was correlated with eventual sphere formation on days 7 and 14 (for example, there were a total of 153 single-cell MCF-7 PreSp at 24 hr. Of these, 32 eventually formed spheres on day 14, yielding an SFE of 21%). SFE for each size of PreSp is displayed on the y axis. Error bars are weighted SD. (A) Objects over 50 μm were considered spheres for the MCF-7 cell line. (B) Growths over 35 μm on day 7 and 40 μm on day 14 were considered spheres for the T47D cell line. p Values were calculated by Student\'s two-tailed t test and are displayed above the bars on the graph (N = 3). \* Indicates significantly different from all other PreSp sizes with p \<.0001.(C and D) Single cells were again tracked over 14 days in the same manner as in (A) and (B). At 24 hr PreSp sizes were counted. SFEs from (A) were then used in a predictive capacity on these counts to determine how many spheres would form at 14 days. \[For example, in one experiment there were 82 two-cell MCF-7 PreSp at 24 hr. The SFE from (A) would predict 62.76 spheres on day 14. The actual spheres formed on day 14 were then compared with these predictions.\] The y axis shows the total spheres from three experiments. The white bar is the total prediction calculated using SFEs from previous experiments. The black bar is the total spheres actually observed. Difference between prediction and observation (cumulative error) at 14 days was 2.15% for MCF-7 cells (C) and 2.03% for T47Ds (D). Average error for MCF-7s was 4.47 (±.5) (C) and 2.07 (± 1.71) for T47Ds (D).Figure360: An Author Presentation of Figure 4

We then set up three new experiments in the same manner as above. Individual cells were tracked, and counts were made of all 1-, 2-, 3-, and 4-cell PreSp at 24 hr. The mean sphere-forming percentages from our initial experiments were then used to determine whether it was possible to predict how many spheres formed on day 14 of the newly plated experiments. Strikingly, we found that just these early 24-hr counts could predict sphere formation for day 14 with 98% accuracy ([Figure 4](#fig4){ref-type="fig"}C).

We next sought to validate these results in an additional cell line. We chose to work with T47D cells as we found their SFE to be high enough to gather meaningful data without tracking thousands of cells. T47D mammospheres are also able to be passaged over subsequent generations for long term ([@bib25]). We repeated the methodology employed with MCF-7s insofar as three experiments were used to establish SFEs for PreSp at 24 hr ([Figure 4](#fig4){ref-type="fig"}B). These SFEs were then employed to predict the day 14 sphere formation of a further three experiments. T47Ds were slower to form spheres than MCF-7s overall, with only three instances of 3-cell PreSp at 24 hr recorded over six experiments. Again, PreSp as small as 3 cells on day 7 went on to form spheres at day 14. For this reason, we determined to focus mainly on day 14 for subsequent calculations. For T47D cells, it is also possible to predict sphere formation at day 14 with 98% accuracy using only PreSp counts at 24 hr ([Figure 4](#fig4){ref-type="fig"}D).

Sphere Formation in MCF7 and T47D Lines Does Not Depend on CD44^hi^/CD24^-^ Populations {#sec2.5}
---------------------------------------------------------------------------------------

As mammosphere formation is thought to represent the portion of stem-like cells in a population, we sought to discover whether established stem cell markers could account for the high SFE revealed by single-cell tracking. Breast cancer cell populations containing the marker profile CD44^+^/CD24^-^ have been reported to enrich for mammosphere formation ([@bib13], [@bib34]) and tumorigenesis in mice ([@bib2]) and have been well studied in the literature. We therefore used flow cytometry to assay for the CD44/CD24 profile of the two cell lines we utilized for single-cell tracking ([Figures 5](#fig5){ref-type="fig"}A and 5D).Figure 5CD44^HI^/CD24^-^ Populations Do Not Play A Large Role in the Sphere-Forming Efficiency of MCF-7 or T47D Cells(A) A representative image of MCF-7 cells sorted by flow cytometry. Q1 represents the CD44^+^/CD24^-^ population, whereas Q4 contains the CD44^-^/CD24^+^ population. Box gates indicate populations sorted by FACS for further analysis. Quadrants were gated using an iso control.(B and C) (B) The percent of parent population for each quadrant of MCF-7 cells. (N = 3) (C) MCF-7 cells were FACS sorted for CD44^hi^/CD24^-^ and CD44^-^/CD24^+^ populations, and mammosphere assays were performed at a density of 10 cells/mL for each population. The graph shows the day 7 SFE for each population on the y axis. Statistics performed with Student\'s two-tailed t test. p Value displayed above the bar.(D) A representative image of T47D cells sorted by flow cytometry. Q1 represents the CD44^+^/CD24^-^ population, whereas Q4 contains the CD44^-^/CD24^+^ population.(E) The percent of parent population for each quadrant of T47D cells. (N = 3).

Our MCF-7 cells exhibited a higher portion of CD44^+^/CD24^-^ cells compared with the isotype control than has been commonly reported ([@bib32], [@bib38], [@bib46]). The average population of CD44^+^ cells over three experiments was over 50% ([Figure 5](#fig5){ref-type="fig"}B). As this value was very similar to the SFE of MCF-7 cells as determined by single-cell tracking, we hypothesized that this population could be responsible for that effect. To address this possibility, we employed FACS to isolate a portion of CD44^hi^/CD24^-^ cells to further analyze using the mammosphere assay. We chose to use the cells expressing the highest levels of CD44 to further enrich for putative stem-like cells. These cells were then cultured in mammosphere media at a density of 10 cells/well, and the SFE at day 7 was calculated. We next proceeded to compare this population to the fraction of MCF-7 cells expressing a CD44^-^/CD24^+^ profile. We found a difference in SFE of only 10% between the two populations ([Figure 5](#fig5){ref-type="fig"}C). T47D cells expressed a CD44^+^/CD24^+^ profile almost exclusively ([Figure 5](#fig5){ref-type="fig"}D). As the CD44^+^/CD24^-^ population comprised less than 5% of the cells ([Figure 5](#fig5){ref-type="fig"}E), we did not sort T47D cells for further analysis.

Discussion {#sec3}
==========

The mammosphere assay has become a staple of breast cancer stem cell research. By providing a platform in which the properties of anoikis resistance and suspended proliferation can be monitored, the assay proposes to give researchers a way of quantifying the portion of putative stem cells in a population *in vitro* ([@bib4], [@bib8]). Drug treatments or genetic modifications can then be employed, and reductions in sphere formation are hypothesized to have decreased the stem population of a sample ([@bib10], [@bib12]). Unfortunately, there is no standard protocol employed in the field, and reported SFEs can vary significantly from publication to publication. We address here the problem of cellular aggregation as a possible cause for such discrepancies. Suspended cells can collide and form aggregations. This can lead to confounded results through an artificial lowering of SFE ([@bib37]). If seeding densities are too high, it will remain unclear if treatment causes a change in sphere formation or in aggregation. Although the idea of aggregation itself is not novel, the issue remains largely unaddressed in the field, and we illustrate clearly here the dramatic effects it can have on the experimental outcome.

We addressed the problem of aggregation by tracking individual cells from initial seeding to eventual sphere formation over the course of 14 days. We used the MCF-7 and T47D cell lines due to their common use and ready sphere-forming ability. At the very low seeding densities we employed, we lost track of a few cells due to movement or aggregation within wells (less than 3% in the MCF-7 line, 5.5% for T47Ds). What aggregations did occur, however, formed spheres at a rate of 95% in MCF-7s and 100% in T47Ds. This could be due to enhanced survival from cell-cell attachment signals ([@bib31]) or the simple probability of larger PreSp forming spheres at a higher rate. Any explanation for an aggregation\'s enhanced sphere-forming ability, however, leads to confounded SFEs in the final calculations. In addition, cells that begin the assay as initial clusters of 2 cells also have a significantly higher chance to form eventual spheres. These confounding factors will persist in all sphere-forming assays that utilize high-density seeding.

At high seeding densities, cells and spheres have less room to move and more aggregations are formed. These aggregations can create irregular formations that also present challenges for counting. We found that using different counting procedures can result in different results. There are also non-quantifiable differences between aggregations and true clonal spheres. Single cells produce spheres containing a wide variety of morphologies ranging from very spherical to what appear to be loose aggregations of cells to shapes that are unique and non-classifiable. Methods that make an attempt to visually distinguish between spheres and aggregations have been reported ([@bib40]), but the morphologies we observed underscore that spheres cannot be identified as such by the eye or by any technology that counts rounded objects. Morphologies are too wide ranging to classify spheres as clonal based on appearance alone. Single-cell tracking avoids these pitfalls.

There is also a clear need to define a standard minimum sphere size for each cell line. A size too small inevitably includes PreSp that will die off. A size too large excludes smaller PreSp that will eventually succeed in forming spheres. Our single-cell tracking allowed us to find values that minimize both these factors. The values we calculated for MCF-7 cells conform very closely to what many in the field have chosen to employ ([@bib5], [@bib9], [@bib28]). T47D spheres proved to be much smaller and slower growing. Clonal growths as small as 3 cells continued to grow and divide until day 14. The minimum size of 35 μm we calculated for day 7 illustrates that utilizing a single blanket cutoff value for each cell line under study can exclude valuable data. A value of 50 μm applied to T47D spheres would result in over 50% of data being misclassified and a resultant underestimation of the sphere content in a population. With regard to mean sizes, clonal spheres are also demonstrably smaller than most aggregates. High-density seeding with numerous aggregations have larger spheres, and we quantified the expected distribution of clonal sphere sizes. Mean sizes as high as 100 μm have been reported on day 5 for MCF-7 spheres ([@bib27]). Our data indicate that anything above 100 μm on day 5 or 150 μm on day 7 is likely the result of aggregations. T47Ds are demonstrably smaller, and the largest sphere we recorded was 165 μm at day 14. One problem is that clonal T47D growths are rarely spherical. The majority of these growths were either dome shaped or flat. This underscores the necessity to treat each cell line as unique in its morphology.

Strikingly, single-cell tracking of the MCF-7 cell line reveals an SFE of 55% at day 7 and 52% at day 14, which we confirmed using the orthogonal technique of density dilution. Most of the literature reports SFE values under 10% ([@bib6], [@bib27], [@bib14], [@bib27], [@bib44], [@bib45]). However, we wish to emphasize that our data show that the SFE for MCF-7 cells is much higher than commonly reported and that all results obtained from high seeding densities are clearly confounded by aggregation. Emphasizing this are the results for T47D cells. Astonishingly, when single cells from this line are rigorously tracked over time their SFE is 71%. Even if a higher cutoff value of 40 μm is employed at day 7 the SFE is still 61%. We confirmed the results of our single-cell tracking with established cell seeding density dilutions in multiple cell lines where even a "negative control" cell line had a maximum SFE of 10%. It has been observed that SFE decreases with increasing cellular seeding density ([@bib37]). This is explained by cellular aggregation. Theoretically, SFE should remain constant if spheres are clonal. In practice, however, aggregation will reduce the number of spheres and result in lower SFE. For the mammosphere assay to give meaningful results, dilutions much smaller than those currently employed are more effective. Following single cells can also provide the additional advantage of cell fate tracking. This can provide information on the effects of drug treatments on single cells, as well as provide a means to follow cell marker persistence/progression and correlation to sphere formation.

Flow cytometry and subsequent tracking after cell sorting for stem cell markers confirmed the work of Iglesias and colleagues insofar as CD44 is not responsible for the sphere-forming capabilities of these cell lines ([@bib25]). We tracked MCF-7 cells sorted for CD44^hi^/CD24^-^ and CD44^-^/CE24^+^ populations at a density of 10 cells/mL and found that although there is a small but significant 10% difference in SFE between the two, it is not large enough to account for the high overall SFE of the entire population. The T47D cell line did not contain a CD44^+^/CD24^-^ population larger than 5% and was thus ruled out for further stem cell marker study as a population that small could not contribute enough cells to account for a 71% SFE.

Finally, the mammosphere assay is also time consuming. Experiments run in triplicate can take months. We reasoned that this time could be shortened if we could generate a method of prediction based on information from early time points. We hypothesized that if cells were tracked, having their early doubling information recorded, this could be correlated to eventual sphere formation. Surprisingly, this method worked at a much earlier time point than expected and provided a wealth of biological information. After having garnered correlative information from early division and later sphere formation, we were able to apply this information to another set of experiments to predict the generation of spheres. We found that early doubling at 24 hr can predict the eventual sphere formation in a population with 98% accuracy at day 14. This has the potential to shorten sphere formation assays by a factor of 7--10, effectively reducing the traditional time frame of 7--14 days to only 24 hr.

Limitations of the Study {#sec3.1}
------------------------

Although this method shortens a 7- to 14-day assay to 24 hr, it is labor intensive. Monitoring thousands of cells by eye requires substantial effort. We are currently in the process of developing a procedure to automate this process and allow high-throughput analysis.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1--S5
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